We derive a model for voltage-induced wetting, so-called electrowetting, from the principle of virtual displacement. Our model includes the possibility that charge is trapped in or on the wetted surface. Experimentally, we show reversible electrowetting for an aqueous droplet on an insulating layer of 10 µm thickness. The insulator is coated with a highly fluorinated layer impregnated with oil, providing a contact-angle hysteresis lower than 2 • . Analyzing the data with our model, we find that until a threshold voltage of 240 V, the induced charge remains in the liquid and is not trapped. For potentials beyond the threshold, the wetting force and the contact angle saturate, in line with the occurrence of trapping of charge in or on the insulating layer. The data are independent of the polarity of the applied electric field, and of the ion type and molarity. We suggest possible microscopic origins for charge trapping.
Introduction
It is possible to reduce the contact angle of a droplet on a surface by applying an electric field between the conducting liquid and a counter electrode underneath the liquid [1] [2] [3] [4] [5] [6] as shown in Fig. 1 . This so-called electrowetting effect was observed first by Minnema [1] in 1980 using an insulator between liquid and counter electrode and by Beni [2] in 1981 with the liquid directly on the counter electrode. The electric field results in a distribution of charge that changes the free energy of the droplet, causing the droplet to spread and wet the surface. In systems with the liquid in direct contact with the solid electrode, the potential drops across a diffuse ionic double layer at the interface.
In systems with an insulating layer of several micrometers thickness between the solid electrode and the liquid [1, 3, 4] , the main voltage drop appears across the insulating layer.
In this paper, we use an insulating layer between the counter electrode and the aqueous solution to enhance the electrowetting force [3] , achieving reversible wetting by a suitable top coating. Previously, limits have been observed for the voltage-induced reduction of contact angle: at high electric fields, the contact angle saturates [3, 4] . We consider the possibility that trapping of charge in or on the insulating layer affects the contact angle. We define charge to be trapped when the charge is bonded more strongly to the insulating layer than to the liquid. First, we derive the theory of electrowetting from the principle of virtual displacement. This provides a flexible method to extend Young's equation to include the influence of an arbitrary charge distribution. We consider the case that a sheet of trapped charge is present in or on the insulating layer. Next, we present a measurement of the contact angle as a function of applied voltage and we extract the potential resulting from the trapped charge as a function of applied voltage. Finally, we suggest possible microscopic origins for trapping of charge.
Electrowetting model
Virtual displacement, no trapped charge.
A droplet spreads until it has reached a minimum in free energy, determined by cohesion forces in the liquid and adhesion between the liquid and the surface. In general, the energy required to create an interface is given by γ, the surface tension [N/m] or surface free energy [J/m 2 ]. In case of an applied potential, a change in the electric charge distribution at the liquid/solid interface changes the free energy. We define our thermodynamic system as the droplet, the insulating layer, the metal electrode and the voltage source. Throughout the entire derivation, we assume that the system is in equilibrium at constant potential V . We focus on the change in free energy due to an infinitesimal increase in base area of the droplet on the solid surface, surrounded by vapor. When a potential V is applied, a charge density σ L builds up in the liquid phase and induces an image charge density σ M on the metal electrode.
Figure 2(a) shows the edge of a droplet and its virtual displacement. An infinitesimal increase of the base area dA results in a contribution to the free energy from the surface energies as well as an energy contribution due to the additional charge density dσ L in the liquid and its image charge density dσ M on the metal electrode. The voltage source performs the work, dW B . The free energy (F ) of the system can be written in differential form:
where U is the energy required to create the electric field between the liquid and the counter electrode. The parameters γ SL , γ SV and γ LV are the free energies of the solid/liquid, solid/vapor and liquid/vapor interface respectively for the situation in the absence of an electric field. The contact angle, θ, is the angle between the liquid/vapor interface and the solid/liquid interface at the contact line (see Fig. 1 ) [7] . Mechanisms for energy dissipation, which may cause contact-angle hysteresis, are not taken into account.
Let us first consider the situation in the absence of an externally applied voltage, so dU = dW B = 0. When dF/dA = 0, we find the minimum in free energy, relating the surface energies to the contact angle. This equation was obtained by Young [8] in 1805:
For a non-zero potential, we have to include the energy of the charge distribution. In Fig. 2(a) , the droplet with charge density σ L is at constant voltage V , while the metal electrode with charge density σ M = −σ L is at ground potential. The electrostatic energy per unit area below the liquid is given by:
where z is the coordinate perpendicular to the surface, d the thickness of the insulating layer, E the electric field and D the charge displacement, with
. The increase of free energy due to the charge distribution in the liquid, upon an infinitesimal increase of droplet base can be written as:
The electric field originating from the liquid/vapor boundary of the droplet (the so-called fringing or stray field) makes a constant contribution to the free energy: this contribution remains unaltered when the contact line is displaced by dA. Therefore, the stray fields do not contribute to dU . The voltage source performs the work to redistribute the charge; per unit area the work is given by [10] :
Calculating the minimum of free energy, we get Young's equation with an additional electrowetting term γ EW , the electrowetting force per unit length due to the applied potential:
with the electrowetting force:
where we used σ L = ε 0 ε r V /d (Gauss' law), with ε r the dielectric constant of the insulating layer and ε 0 the permittivity of vacuum. We can rewrite Eqs. (6) and (7) to get the well-known relation between θ and V for electrowetting [3] [4] [5] :
where θ 0 is the contact angle at zero volt.
Influence of charge trapping.
When we apply a potential difference between the liquid and the metal electrode, electric forces work on the ions in the liquid and pull them toward the insulating layer. There is a possibility that charge becomes trapped in or on the insulating layer when the interaction of the ions with the solid is stronger than with the liquid. In the three-phase region, ions are trapped when the de-trapping time is large compared to the typical vibration times of the contact line. As a result of excitations of the droplet, e.g. thermal, mechanical or voltage-induced vibrations, a density of trapped charge arises on both sides of the contact line.
As yet we do not specify the precise nature of the trapped charge (e.g. we have to take into account the electrostatic contribution below the liquid dU L , as well as the contribution below the vapor phase, dU V :
The sign difference is due to the fact that the virtual displacement dA increases the solid/liquid interface while the solid/vapor interface is decreased. We assume that the trapped charge is distributed uniformly at constant depth, extending sideways to the left of the contact line to a length scale of at least the insulator thickness. Then, the charge density at the liquid/vapor interface due to fringing fields at the edge of the droplet is unaltered by the virtual displacement. Therefore, we omit the electrostatic energy of the fringing field in Eq.(9).
The potential as a function of the depth in the insulator is sketched in 
The energy to create the charge distribution below the vapor phase equals:
The work performed by the voltage source per unit area is given by Eq.(5).
Using Gauss' law, we find the following relationships between the charge densities and the potentials:
Using Eq. (1), Eq. (5), Eqs. (9)- (14) and dF/dA = 0, we recover Eqs. (6) and (7), the modified Young equation. With Eq. (13), we find the following relation for the contact angle modulation in the presence of trapped charge:
The electrowetting force is proportional to the square of the applied voltage minus the voltage due to charge trapping. This causes a reduction of the electrowetting force.
Results
We used a system as shown in Fig The capacitance was measured between the platinum electrode and the metal counter electrode as a function of applied voltage, using a 700 Hz, 5 V ac-signal which was superimposed on the dc-voltage. The capacitance gives a measure of the contact area between liquid and surface and is shown in Fig. 4(a) . The potential of the liquid was increased to 500 V and subsequently decreased to 0 V; the opposite voltage polarity was measured on a different spot to avoid possible interference with previously trapped charge.
The time interval between measurement points (1 s) was more than an order of magnitude longer than the time required for spreading of the droplet (experimentally verified to be about 20 ms [13] ). We find that the droplet base increases by nearly a factor of three due to the applied voltage. The droplet recovers its original shape upon removal of the electric potential. Measurements with the solutions of different molarities and ion types resulted in identical curves.
The contact angle θ was derived from the measured capacitance, using the known dielectric constant and thickness of the insulating layer, the droplet volume and the droplet shape. This electrical measurement method gives the contact angle with an accuracy of 2 • ; details are described in Ref. [13] . has not yet been reported in electrowetting experiments. We attribute the low value of contact-angle hysteresis to the penetration of the oil into nano-pores of the amorphous fluoropolymer layer [11] , which reduces the already very low surface heterogeneity of the top coating (for water on non-impregnated AF1600, the contact-angle hysteresis is about 7 • ). At zero volt, the value of the contact angle on the impregnated surface agrees well with the advancing contact angle on the non-impregnated surface. This indicates that the fluoropolymer determines the surface energy rather than the silicon oil.
We can distinguish two regions in the plot. In the region −240 < V < 240 V, the measured contact angle is consistent with the theoretical contact angle of Eq. (8) 
Discussion and Conclusions
The data of the previous section show a threshold-like saturation behavior for the electrowetting force and for the charge density in the liquid. The voltage of trapped charge shows a linear increase beyond the threshold voltage. The curves are symmetric for positive and negative potential, and independent of the ion type, ion valence and ion molarity that we have tested. Furthermore, the advancing curve is consistent with the receding curve, indicating that the trapped charge is released upon lowering of the applied voltage.
Let us now consider possible microscopic origins for trapping of charge. We defined trapped charge as charge which has a stronger interaction with the insulating layer than with the liquid. Clearly, the underlying charge bonding mechanism cannot have a chemical nature, as an expected dependence on voltage polarity, ion type, valence and molarity was not observed. Charge trapping could occur due to the attractive electrostatic force between ions in the liquid and the metal counter electrode. When the electrostatic force on the ion exceeds the force between the liquid and the ion, it moves toward the insulating layer and remains in or at the insulating layer [14] . The ion might exchange some of its hydration shell for a bond with the surface. Although this model predicts a threshold-like trapping behavior, a dependence on the valence of the ions is expected, in disagreement with our experimental results.
At the threshold electric field, the electrowetting force is of the same order of magnitude as or larger than the surface tensions in our system (for V = 240 V, γ EW = 68 mN/m). Therefore, we propose that it is possible that instabilities in the liquid/solid interface or the liquid/vapor interface occur.
Small charged droplets or molecular clusters could move into nano-pores of the insulating layer and become trapped. In this concept, no dependence on molarity, ion type, valence of the ions or polarity of the applied field is expected. While this line of thought seems in agreement with the behavior of V T (a threshold and subsequently a slope close to one), further research is needed to determine the microscopic mechanisms of charge trapping.
In conclusion, the principle of virtual displacement provides a transparent method to calculate the influence of an arbitrary charge distribution on the contact angle. The virtual change of electric energy is calculated by integrating the energy density of the electrostatic field. Using this method, we derived a model for electrowetting that accounts for a reduction of the electrowetting force by the assumption that charge is trapped in or on the insulating layer 
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